ABSTRACT An outbreak of H5N2 highly pathogenic avian influenza (HPAI) in 2015, resulting in mandatory euthanization of millions of chickens, was one of the most fatal in the US history. The aim of this study was to detect genes associated with survival following natural infection with HPAI during this outbreak. Blood samples were collected from 274 individuals from 3 commercial varieties of White Leghorn. Survivors and age and genetics matched non-affected controls from each variety were included in the comparison. All individuals were genotyped on the 600k SNP array. A genomewide association study (GWAS) with the standard frequency test in PLINK was performed within each variety, whereas logistic regression with the first 3 multidimensional scaling components as covariates was used for joined analysis of all varieties. Several SNPs located within 3 regions reached the 5% Bonferroni genome-wide threshold of significance (P < 3.87E-06). The associations were identified for 2 varieties and only within genetic variety on chromosomes 11 (variety 1), 5, and 18 (variety 3). A genome-wide scan with F ST was also performed for 40, 100, and 500 kb windows to support the genome-wide association analyses. The regions with highest F ST values between cases and controls were located on chromosomes 1 and Z, and overlapped a number of genes with immunological function and QTL connected to health. Only a few regions were consistent between the analyses, and were significant in the F ST genome-wide scan and approaching significance in GWAS. This study confirms that resistance to HPAI is a complex, polygenic trait and that mechanisms of resistance may be population specific. Further study utilizing much larger sample sizes and/or sequence data is needed to detect genes responsible for HPAI survival.
INTRODUCTION
Highly pathogenic avian influenza (HPAI) infections lead to rapid onset of severe, contagious systemic disease, with very high mortality. A novel reassortant HPAI H5N2 virus was first detected in December 2014 in British Columbia, Canada (Pasick et al., 2015) . On 19 April 2015, over 30,000 birds died in a large commercial chicken flock in Iowa (Clement et al., 2015) . The outbreak that began in December 2014 and ended in June 2015 was the most costly HPAI outbreak in the US to date, leading to the euthanization of 211 commercial flocks, for a total of 50.4 million hens (USDA). Total losses were estimated to be near $3.3 billion USD (Elam, 2015) . The pathobiology of the novel H5N2 virus was characterized by delayed appearance of lesions, longer mean death times, and reduced replication in endothelial cells, which differentiated it from the majority of Eurasian H5N1 HPAI viruses (Bertran et al., 2016) . The strain was also characterized by high mortality rate which was over 99% and occurred within 5 d of infection.
Pathogenicity differences have been observed between HPAI strains and have been linked to tissue tropism and host response (Post et al., 2012) . Intense expression of inflammatory and innate immune response genes in HPAI is however unsuccessful in fighting the disease. The mechanisms responsible for high mortality are not clear, with studies suggesting hypercytokinemia as an important factor (Burggraaf et al., 2014) . Differences in host-genetic control of HPAI infection were also studied. Ruiz-Hernandez et al. (2016) compared 2 inbred chicken lines for viral shedding levels following experimental H7N7 infection; however, their study did not provide information on which genes 3421 determined the reported differences. Hunt et al. (2010) reported that non-MHC genes have greater influence on resistance to avian influenza (AI) than MHC genes. Variation in the Myxovirus-resistance (Mx) gene was reported to affect influenza virus resistance, although the literature reports on this are not consistent (Ko et al., 2002; Sironi et al., 2011; Matsuu et al., 2016) . A recent transcriptomic study by Smith et al. (2015) suggests an important role of interferon-induced transmembrane (IFITM)123 protein family genes. Also the MDA5 gene, which in the absence of RIG-I plays a major role in the detection of virus by the host cells, has been connected to AI survival (Karpala et al., 2011; Liniger et al., 2012) .
In the study herein we investigated genome-wide differences between very rare HPAI survivors 4 wk post infection and their genetics-matched controls from commercial farms during the 2015 HPAI outbreak in Iowa, US.
MATERIAL AND METHODS

Source of samples
A total number of 274 individuals, 143 survivors and 131 genetics matched controls, were included in this study (Table 1) . Samples of survivors were obtained 4 wk post infection from 2 different commercial production facilities, collected from 1 to 3 barns per facility, with bird ages ranging from 26 to 91 wk of age. Control samples were from unaffected flocks that were hatched from the same source flocks and within 1 wk of age. All blood samples were collected on FTA Elute Microcards (GE Healthcare, Piscataway, NJ) from HPAI survivors on Iowa farms, US. DNA was extracted at HyLine International and genotyped on 600 K Affymetrix Axiom chicken panel (Kranis et al., 2013) . Genotype calling and quality control were performed on all samples in Axiom Analysis Suite, resulting in 420,458 segregating SNPs. Additional quality control was performed in PLINK ver 1.0.7, removing SNPs based on call rate (GENO < 0.90) and minor allele frequency <0.05 within variety and minor allele frequency <0.01 across varieties. The number of SNPs that passed quality control and was used in genome-wide association analysis and F ST calculation is in Table 1 .
Statistical analysis
Linkage-disequilibrium pruning was performed in PLINK ver 1.0.7 (Purcell et al., 2007) with an r 2 threshold of 0.2 to obtain a subset of approximately 12,930 independently segregating SNPs. After removing SNPs from chromosome Z, 12,724 independent SNPs were identified. These SNPs were used to generate identityby-state matrix and perform multidimensional scaling (MDS) clustering available in the PLINK software to identify population stratification.
The genome-wide association analysis was performed within and between varieties in PLINK ver 1.0.7. A logistic model was applied for joined analysis of all samples, with the first 3 MDS components used as covariates. Within each variety, a simple case-control frequency differences model without covariates was used. The genome-wide significance level was set based on the number of independently segregating SNPs and Bonfferoni correction as 0.05/12 930 = 3.87E-06.
Additionally, the Wright index (F ST ) as a measure of allele frequency variation among populations was used to detect regions differentiating cases and controls. The weighted F ST was calculated according to Weir and Cockerham (1984) within each variety between cases and controls using VCF tools v. 0.1.12. A Z score of weighted F ST for SNPs within a window was calculated as follows:
where X Fst denotes weighted F ST per window to be standardized, μ Fst is F ST mean for all windows, and σ Fst denotes standard deviation from the mean. Overlapping windows of 40, 100, and 500 kb with 5, 20, and 100 kb steps were used. The distribution of Z Fst was calculated for each comparison. Based on the results, fixed thresholds were set at 8 (suggestive) and 12 (significant) for all comparisons, representing 0.1% and 0.05% of the right tail of the Z Fst distributions. Windows were pulled together if they were less than 1 Mb apart. The minimal number of SNPs per window was set to 10.
Genes that overlap regions of interest were identified with the Ensembl BioMart webtool based on the Galgal4 assembly and Ensembl Genes 85 database. Flanking regions of 500 kb were used. Analysis of overrepresented Gene Ontology (GO) terms and pathways was performed using the PANTHER Classification System (http://www.pantherdb.org/). Human orthologs with a high confidence score were located and analyzed for enriched pathways with Enrichr (http://amp.pharm.mssm.edu/Enrichr/) with Wiki Pathways, BioCarta, and GO terms. Previously identified QTL that overlap selected regions were identified using the AnimalQTL database, release 30 (http://www.animalgenome.org/). 
RESULTS AND DISCUSSION
A recent study was performed and utilized samples from 1 specific commercial variety and from 2 different HPAI outbreaks (Iowa H5N2; Mexico H5N7) (DrobikCzwarno et al., 2017) . In that study, a number of specific regions associated with survival were identified; however, signals were not strong. Despite that estimates of the heritability of survival in the range of 0.20 were identified (Drobik-Czwarno et al., 2017) . This is a second study of survivors from Iowa H5N2 outbreak but in this study an independent set of samples was used, originating from 3 different commercial varieties.
Population stratification
A total of 12,930 independently segregating SNP markers, distributed on all chromosomes, were obtained with r 2 < 0.2. A number of 12,724 markers located on autosomes were used to check for population stratification. Outlier detection within variety was performed based on first 3 MDS components to ensure that individuals were correctly assigned to their correct commercial variety. An individual was removed if located more than 0.05 from the closest individual in the cluster, leaving 231 birds for further analysis. The plot of the first 3 principal components after outlier removal is shown in Figure 1 .
As expected, the data clustered in 2 groups representing birds from the 3 different varieties. The first 3 principal components were used to correct for population stratification in further analysis when all varieties were analyzed together.
Genome-wide association study
Genome-wide association analysis was performed for all samples. No regions that reached the 3.87E-06 sig- Table 2 ). The 10 most significant SNPs from all analyses are included in Supplementary material (S1 to S4).
The significant region on chromosome 18 contains several genes. One of them is SOX9, a well-known transcription factor with GO terms including negative regulation of immune system process and cellular response to IL-1. Other gene from this region, MAP2K6, was also selected as its homolog in human is associated with IL-1 regulation, TLR signaling pathway, B-cell receptor signaling pathway, and TNF-alpha signaling pathway according to Wiki Pathways. It is also interesting to note that the human ortholog of NFKBIA gene, overlapping the second significant region for variety 3 on chromosome 5, is involved in the mentioned pathways. Those pathways were previously described as important for the outcome of influenza infection (Cornelissen et al., 2013) ; therefore, we hypothesize that their function can be crucial for survival in variety 3. It is also worth mentioning that the region on chromosome 5 overlapped a few QTLs connected to disease susceptibility, including antibody titer to lipoteichoic acid antigen, time to achieve maximum antibody response to sheep red blood cells, antibody response to sheep red blood cell antigen, and Marek's disease resistancerelated traits (www.animalgenome.org). It is worth to mention that genes from the IFITM protein family, which were associated with transcriptomic response to HAIV by Smith et al. (2015) , are also located on chromosome 5, however, at a distance of approximately 35 Mb from the signal detected in our study at 1.5 Mb. Therefore, we can neither rule out an important role for IFITM genes nor confirm their association with response to HPAI.
The region on chromosome 11 in the neighborhood of 13.7 Mb, which gave significant signal in variety 1, contains the WWOX gene, which plays a role in regulation of apoptotic signaling and Wnt family glycoprotein signaling. All of these pathways were previously reported in the HPAI response studies in chicken (Cornelissen et al., 2013; Ranaware et al., 2016; Drobik-Czwarno et al., 2017) . No QTLs connected to health have been identified in the neighborhood of this region on chromosome 11.
Genome-wide scan with F ST
The F ST analysis was performed to scan for allele frequency differences between survivors and controls within and across varieties. Some regions located on chromosomes 2 and 3 that approached significance in the genome-wide association test were also significant in the within varieties F ST scan. The tables for regions that were significant based on F ST across and within varieties for 40 and 500 kb windows are shown in supplementary materials (Table S5 ). The highest F ST signals across varieties were localized on chromosomes 1 and Z (Table 2 ). In a previous study utilizing a different genetic variety of commercial laying hens, there were no regions on chromosome Z; however, 2 windows located on chromosome 1 have been linked to HPAI survival (Drobik-Czwarno et al., 2017) .
A number of genes connected to immune response were identified (Table 3) within regions summarized in Table 2 . Of the 32 genes located within the region on chromosome 1, 4 were considered candidate genes (Table 2) due to their possible role in response to AI infection. Orthologs of 2 genes, AC006486.9 and TN-FRSF1A, along with human orthologs of the IFNK gene located on chromosome Z, are members of the influenza A pathway in humans. The TNFRSF1A gene encodes one of the major receptors for TNF-α and can mediate apoptosis and regulate inflammation (Chan et al., 2005) . The AC006486.9 gene is not well characterized in the chicken; however, its homolog in human, the GSK3B gene, is one of the factors required for efficient influenza virus growth (König et al., 2010) . The IFNK gene, which codes interferon Kappa, plays an important role in defense response to viral infections, including AI (Santhakumar et al., 2017) . This gene is also included in RIG-I/MDA5-mediated induction of IFN-alpha/beta pathways, which is crucial for the outcome of HPAI infection (Karpala et al., 2011) . The ANXA1 gene located on chromosome Z was also considered as a potential candidate gene in this study. The gene has an important anti-inflammatory activity (Yona et al., 2005) and is actively expressed in lymphoid tissues. The gene was differentially expressed during Marek's disease infection (Hu et al., 2012) and 2 Marek's disease-related QTLs overlap this region. Additionally, other member of the annexin family, annexin A6, have been shown to interact with influenza virus in chickens (Li et al., 2016) and humans (Ma et al., 2012) . The results suggest that a number of genes affecting cytokine production and secretion are localized within the identified regions. This is relevant as hypercytokinemia was a main cause of death after HPAI infection in chickens (Burggraaf et al., 2014) ; therefore, regulation of cytokine response to HPAI is very important. Other functionally relevant genes are included in Table 3 .
So far in chicken, the F ST -based analysis was mostly used to evaluate population stratification studies and identify signatures of selection (Gholami et al., 2014; Stainton et al., 2015) . The method was also successfully used by Bertolini et al. (2017) to detect genomewide differences between dead and recovered piglets with porcine epidemic diarrhea virus. We have shown that F ST -based approach can be useful in genome-wide association studies (GWAS) for disease resistance in chickens. Frequency differences of single SNP can be too small to raise a strong signal in traditional GWAS, whereas methods such as Bayes B used by DrobikCzwarno et al. (2017) require substantial sample sizes. F ST can detect genomic regions that differentiate even small groups by combining information from and scanning through many overlapping windows, allowing different allelic frequency patterns to be detected and connected with the trait of interest. Thus, F ST can be used as complementary method to traditional GWAS.
Results presented herein indicate important genetic components of HPAI survival, and support previous findings (Drobik-Czwarno et al., 2017) . However, not all identified regions were consistent between the varieties, which can be related to differences in genetic background and Linkage Disequilibrium (LD) structure, the suggestive character of some associations, and the relatively small number of samples available per variety. Additionally, resistance to AI is a complex trait, which may make it difficult to determine its genetic background in field studies such as this one. However, despite these limitations, this research can inform further research on HPAI. Specifically, several genes that are involved in pathways that have previously been reported to be related to HPAI (Karpala et al., 2011; Cornelissen et al., 2013; Ranaware et al., 2016) were detected, confirming their association with AI resistance in independent data. Table 3 . Genes with GO terms connected to immune response within regions identified to be associated with HPAI survival summarized in Negative regulation of NF-kappaB transcription factor activity, IL-8 biosynthetic process, negative regulation of response to cytokine stimulus, negative regulation of chemokine (C-X-C motif) ligand 2 production Kruppel like factor 4 1 Gene location as Chromosome: Mb.
CONCLUSIONS
Three major regions that were significantly different between HPAI survivors and their genetics-matched controls were identified by F ST analysis. The logistic model case-control association test across all varieties resulted in weak suggestive associations. Results obtained within variety show that response to HPAI in chicken may differ between genetic backgrounds; however, these differences could also be due to false positives and negatives. Some of the genes located within the selected regions were previously associated with response to AI infection; but, confirmation of their role requires further tests. The data presented here do not indicate genetic regions with very strong associations with survival following HPAI infection. However, the regions that were identified frequently harbor genes known to be involved with viral resistance in other species. To more precisely localize SNPs associated with host susceptibility/resistance to HPAI, further studies utilizing more samples, whole genome sequence, gene expression profiling, and more specific phenotypes such as antibody response are needed.
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